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The origin of Galactic 26Al is a long-standing question in nuclear astrophysics. The 26Si(p, γ)27P reaction
has been thought to be important in the sequence that bypasses the production of this galactic γ-ray emitter
26Al. Its reaction rate is dominated by a key 3/2+ proton resonance in 27P at the explosive hydrogen-burning
temperature. However, the current recommended rate in REACLIB still has large uncertainties. In this work, the
precise β-decay spectroscopy of the drip-line nucleus 27S was studied by an implantation-decay method, where
the β-delayed protons and γ rays were measured simultaneously. We observed for the first time β-delayed γ
ray at 1125(2) keV from 27S decay, corresponding to the and exit channel of the astrophysically important 3/2+
resonance in 26Si(p, γ)27P reaction. To date, the most precise proton-separation energy and mass excess of 27P
is determined, and the ratio between γ and proton partial widths is pinned down experimentally for the first
time. A precise thermonuclear 26Si(p, γ)27P rate is obtained based on these experimental observations. In the
temperature region of 0.06 ∼ 0.3 GK, the reaction rate is significantly lower than the recommended one, up
to two orders of magnitude around 0.1 GK. The astrophysical impact of this new rate has been examined by
the hydrodynamic simulations of novae outbursts, and it turns out that no significant change in the element
production in the Mg-P mass region was found. The well-constrained rate effectively eliminates the uncertainty
resulting from 26Si(p, γ)27P reaction in the model prediction of the nova contribution to the synthesis of Galactic
26Al.
PACS numbers:
The puzzle about the origin of a large amount of 26Al nu-
clide in the interstellar medium of the Galaxy has been a fo-
cus of interdisciplinary investigations from astronomy, astro-
physics, and nuclear physics in the past few decades. The
2observation of the 1809-keV β-delayed γ ray from 26Al de-
cay in the interstellar medium using space-borne germanium
detectors provides direct evidence for ongoing stellar nucle-
osynthesis processes in the Galaxy [1–5]. The mass of 26Al
throughout the Galaxy was estimated to be (2.7 ± 0.7) solar
masses (M⊙) based on the observed intensity of the 1809-
keV γ ray [6, 7]. Several candidate sites have been suggested
as the sources of 26Al, including Wolf-Rayet stars [8, 9],
core-collapse supernovae [10, 11], asymptotic giant branch
stars [12, 13], and classical novae [14, 15]. Classical nova
is among the most frequent types of thermonuclear explosive
stellar phenomena occurring in the Galaxy [16–19]. The nova
nucleosynthesis of 26Al is dominated by a reaction sequence
of 24Mg(p, γ)25Al(β+)25Mg(p, γ)26Al(p, γ)27Si, however, this
sequence may be bypassed through 25Al(p, γ)26Si(p, γ)27P.
Here, the 26Si(p, γ)27P reaction competes with the β decay
of 26Si to a 0+ isomeric state of 26Al, which may convert to
the ground state of 26Al via thermal equilibrium, and thus
26Si(p, γ)27P acts as a very important destruction reaction in
Galactic 26Al problem [20–22]. Therefore, a precise ther-
monuclear 26Si(p, γ)27P rate is strongly required to address
the Galactic 26Al origin [15, 17, 18, 23, 24].
So far, direct measurement of the 26Si(p, γ)27P reaction has
not been accomplished because the intensity of the radioactive
26Si beam is still far from sufficient. Therefore, only indirect
experimental studies have been conducted via transfer reac-
tions [26], resonant elastic scattering [27, 28], and Coulomb
dissociation [29–32]. In addition, many theoretical studies
have been done to calculate the nuclear physics input for the
26Si(p, γ)27P reaction rate [33–38]. Under a wide tempera-
ture range of 0.1∼2 GK, the 26Si(p, γ)27P reaction rate has
been thought to be dominated only by the resonant proton cap-
ture on the 26Si ground state to the 3/2+ first excited state in
27P. Although a precise excitation energy of the 3/2+ first ex-
cited state was determined to be 1120(8) keV by an in-beam
γ-ray spectroscopy [39], there is no complete experimental
constraints on the γ width (Γγ) or proton width (Γp) of this
resonance to date. The estimation of the 26Si(p, γ)27P reaction
rate still has to rely on insufficient experimental information
on the structure of 27P, supplemented by shell model calcula-
tions or the mirror information [32].
The precise β-decay spectroscopy has proven to be a very
important approach to obtain detailed and microscopic in-
formation on unstable nuclei [40–44]. So far, the available
knowledge of the decay properties of 27S is still insufficient
to constrain the 26Si(p, γ)27P reaction rate well [45–47]. The
complicated decay scheme can be reconstructed by simulta-
neously measuring all the γ rays and out-going particles in
the decay, but such measurement is a big challenge in exper-
iment [48, 49]. All previous β-decay measurements of 27S
were focused on the proton branch, while the γ-ray branch
has rarely been touched.
In this Letter, we have conducted a precise β-decay spec-
troscopy of 27S, and the emitted particles and γ rays in the
β decay of 27S were measured simultaneously with high ef-
ficiency and high energy resolution. This allows us to deter-
mine a precise resonance energy and to place a stringent ex-
perimental constraint on the Γγ/Γp ratio for the key 3/2
+ res-
onance in the 26Si(p, γ)27P reaction, enabling an investigation
of the ultimate role of this reaction in Galactic 26Al puzzle.
The experiment was performed at the Radioactive Ion Beam
Line at the Heavy Ion Research Facility in Lanzhou (HIRFL-
RIBLL) [50, 51]. A 32S16+ primary beam was accelerated
using the K69 Sector Focus Cyclotron and the K450 Sepa-
rate Sector Cyclotron to 80.6MeV/nucleon and an intensity of
∼5.4 pnA. The secondary 27S ions were produced via the pro-
jectile fragmentation of the 32S beam impinging on a 1581 µm
thick 9Be target. The detection system is composed of several
double-sided silicon strip detectors (DSSD) [52] and quad-
rant silicon detectors (QSD) [53], which was successfully
employed in our previous β decay experiments [54–60], and
more experiment details and results will be published else-
where. The 27S ions were implanted into DSSD1 (142 µm),
DSSD2 (40 µm), and DSSD3 (304 µm) with proportions of
0.6%, 40.6%, and 58.7%, respectively. The implanted events
can be identified event-by-event over the entire experiment,
and thus the number of implanted 27S ions, as well as the
absolute proton and γ-ray intensities can be determined ac-
cordingly. The subsequent decays were measured and cor-
related to the preceding implantations by using the position
and time information [60]. Thereinto, DSSD2 is the thinnest
W1-type DSSD ever produced by the Micron Semiconductor
Ltd, which was aimed at detecting low-energy protons with
a minimum β summing. DSSD3 has a higher detection effi-
ciency for high-energy protons and β particles, being an im-
portant supplement to DSSD2. A 1546 µm thick QSD1 was
installed downstream to detect the β particles. ∼300 µm thick
QSD2 and QSD3 were installed at the end to veto the possible
contaminants of those light particles (1H, 2H, 3H, and 4He)
coming along with the beam. In addition, five Clover-type
high-purity germanium (HPGe) detectors were employed to
measure the γ rays. Both silicon detectors and preamplifiers
were cooled by using a cryogenic system, which dramatically
reduced the leakage current of detectors, and enabled us to
achieve a better resolution and to maintain the operation sta-
bility of the detection system [60]. The present statistics on
the implanted 27S ions of 4.7 × 104 is much higher than the
statistics of ∼ 1×104 in Ref. [46] and that of 1267 in Ref. [47].
A new half-life of 27S was determined to be 16.3(2) ms by
fitting the time differences between implantation-decay events
with a function composed of an exponential decay and a con-
stant background component. The uncertainty was directly
derived from the fitting program, in which the half-life was
treated as a free parameter and no preset parameters were
involved. The present half-life is in good agreement with
the literature values of 21(4) ms [45], 15.5(15) ms [46], and
15.5(16) ms [47], but with much higher accuracy owing to the
high statistics and the large time-correlation window between
implantation-decay events achieved in this work.
Figure 1(a) shows the cumulative β-delayed proton spec-
trum from 27S decay measured by DSSD2 and DSSD3. An




































FIG. 1: (a) Cumulative β-delayed proton spectrum from 27S decay
measured by DSSD2 and DSSD3. (b) Cumulative γ-ray spectrum
measured by the HPGe detectors in coincidence with the β particles
from 27S decay measured by DSSD3. The two lowest proton peaks
and the γ-ray peak from the β decay of 27S are labeled with their
center-of-mass energies given in units of keV (with errors indicated
in the parentheses).
suppresses the β-summing effect on the proton spectrum mea-
sured by DSSD3. Two low-energy β-delayed proton peaks
from 27S decay are marked with p1 and p2, together with their
respective center-of-mass energies of Ep1 = 318(8) keV and
Ep2 = 762(8) keV. Comparing to the previous values of Ep1 =
332(30) keV and Ep2 = 737(30) keV, our uncertainty is about
a factor of 4 smaller. The half-lives of these two proton peaks
were measured to be 16.3(4) ms and 16.6(8) ms, respectively,
which are fairly consistent with the present half-life of 27S.
They were not observed in coincidence with any γ ray, and
hence p1 and p2 should be assigned as the proton emissions
from the 3/2+ first excited state and the 5/2+ second excited
state of 27P, respectively, to the ground state of 26Si. The decay
intensities for the two β-delayed proton emissions are deter-
mined to be Ip1 = 23.1(21)% and Ip2 = 8.9(10)%, consistent
with the literature values [47].
Figure 1(b) shows the γ-ray spectrum measured by the
HPGe detectors in coincidence with 27S β-decay signals in
DSSD3. A β-delayed γ ray with Eγ1 = 1125(2) keV is clearly
observed for the first time in the β-decay measurements of
27S. The half-life of this γ ray is estimated to be 16.1(24) ms,
consistent with that of 27S decay. This γ ray is assigned as
the deexcitation from the 3/2+ first excited state to the 1/2+
ground state in 27P, but the energy is more precise than the
previous measurement [39]. In this work, the absolute inten-
sity of this γ ray in the β decay of 27S is determined to be
Iγ1 = 31.1(86)% by using the absolute detection efficiency of
the HPGe detectors, which agrees with the predicted value of
36(3)% [47]. Thus, a branching ratio of Iγ/Ip = 1.35(39)
is determined experimentally for the first time. The β-decay
branching ratio to the first excited state of 27P is determined
to be br1 = 54.2(88)% by summing the intensities determined
for the 1125-keV γ ray and 318-keV proton in 27S β decay,
which is in agreement with the previous rough estimation of
60(4)∼64(4)% [47].
The excitation energy of the first excited state in 27P is
determined to be 1125(2) keV based on the measured γ-
ray energy, including a trivial correction (25 eV) for the en-
ergy carried by the daughter nucleus recoiling from γ ray
emission. Our result is about a factor of 4 precise than the
most accurate value of 1120(8) keV [39] available in the lit-
erature. Accordingly, the proton-separation energy of 27P
is deduced to be 807(9) keV with the relation: S p(
27P) =
Eγ1 − Ep1. The present S p(
27P) value is more precise than
that of 870(26) keV from AME2016 [61] and 788(30) keV
from Ref. [47]. Combined with the mass excesses of 26Si and
1H from AME2016 [61], the mass excess of the 27P ground
state is determined to be −659(9) keV by using the relation:
∆(27P) = ∆(26Si)+∆(1H)−S p(
27P). The present value is more
precise than ∆(27P) = −685(42) keV recently measured via
isochronous mass spectrometry [62], ∆(27P) = −640(30) keV
recently reported in Ref. [47], and ∆(27P) = −722(26) keV
given by AME2016 [61].
In addition, the excitation energy of the 5/2+ second ex-
cited state in 27P is deduced to be 1569(12) keV using
the relation: E∗(27P 5/2+) = S p(
27P) + Ep2(
27P 5/2+).
This value is more precise and consistent with those of
1592(62) keV [32] and 1525(43) keV [47], while slightly
lower than those of 1660(40) keV [63], 1615(21) keV [26],
and 1666(42) keV [31]. There is no discernible γ-ray peak ob-
served around the 1569-keV energy region as shown in Fig.,
which is consistent with the previous prediction that this sec-
ond excited state has a five orders of magnitude larger proton-
decay branch than γ-decay branch [33]. The corresponding
β-decay branching ratio feeding this state was estimated to be
br2 = 8.9(10)% by the measured intensity of the 762(8)-keV
β-delayed proton emission. This result also confirms the as-
sumption about the isospin asymmetries for the mirror β de-
cays of 27S and 27Na proposed by Janiak et al. [47]. Here,
the statistical and all the available systematic uncertainties
have been taken into account for the results discussed above.
The present experimental results can also be reproduced in
our shell-model calculation by taking the weakly-bound effect
of the proton 1s1/2 orbit into consideration [64, 65], where
the excitation energies and β-decay branching ratios of the
two lowest excited states of 27P are predicted to be 1193 keV
(56.6%) and 1715 keV (7.6%), respectively.
The resonant rate can be derived from the resonance ener-
gies and strengths (ωγ) of all resonances that are located in
the Gamow window [66–69]. For the key 3/2+ resonance at
318(8) keV, a shell model calculated Γγ = 3.43 meV used in
4TABLE I: Resonance parameters of 3/2+ resonance in 26Si(p, γ)27P
reaction adopted in the present work and in literature.
Reference Er (keV) Γγ (meV) Γp (meV) Γγ/Γp ωγ (meV)
[33] 320 1.36 1.7 0.8 1.51
[26] 340(33) 3.43 3.5 0.98 3.5
[35] 338 3.43 12.7(12) 0.27 5.4(1)
[31] 315(17) 1.3 4.04(77) 0.32 1.9+1.9
−1.1
[32] 267(20) 0.95 0.52 1.82 0.67
[47] 332(30) 1.3(2)∼1.5(2)
[70] 259(28) 3.4(17) 0.180(72) 18.9(121) 0.34(28)
Present 318(8) 3.43(170) 2.55(74) 1.35(39) 2.92(191)
Ref. [26, 70] is also adopted in this work, and its Γp can be cal-
culated to be 2.55(74)meV using the relation: Γγ = Γp×Iγ/Ip,
with the experimental ratio of the γ-ray branch to the proton
branch of Iγ/Ip = 1.35(39) determined in the present work.
Thus, an ωγ value of 2.92(191) meV is obtained. The con-
tributions from the direct capture and from the three low-
est resonances are taken into account for the calculation of
the total rate according to a method based on Monte Carlo
techniques [71]. The parameters for the key 3/2+ resonance
needed to calculate the reaction rate are summarized in Ta-
ble I, and the rates for the direct capture and for the other
two resonances are calculated with the same parameters as in
Ref. [70].
Currently, the 26Si(p, γ)27P reaction rate from the Iliadis et
al. [70, 72] recommended in both REACLIB [73] and STAR-
LIB [74], is universally adopted in the nova nucleosynthesis
studies. The ratio between the present rate and the recom-
mended rate is shown in Fig. 2, where the uncertainties are
shown accordingly. It shows that the present rate is signifi-
cantly smaller in the temperature region of 0.06∼0.3 GK (of
great nova interests), up to about two orders of magnitude
around 0.1 GK, while our rate is larger up to a factor of 4
around 2 GK. The deviation is mainly caused by the quite
different resonance energies and strengths utilized in the rate
calculations. Furthermore, it shows that our rate has much
smaller uncertainties than the recommended rate almost over
the entire temperature region, except we have the same direct-
capture uncertainties below 0.06 GK. This precise thermonu-
clear 26Si(p, γ)27P rate may help people to determine the ulti-
mate role of 26Si(p, γ)27P reaction in the Galactic 26Al puzzle.
The impact of our new 26Si(p, γ)27P reaction rate on nova
nucleosynthesis and in particular on the synthesis of 26Al
has been examined through a series of hydrodynamic sim-
ulations. To this end, a suite of evolutionary sequences of
nova outbursts hosting ONe white dwarfs of 1.15, 1.25, and
1.35 M⊙ have been computed with the spherically symmetric,
Lagrangian, hydrodynamic code SHIVA, extensively used in
the modeling of novae and X-ray bursts (see Refs. [15, 75]
for details). Results have been compared with those obtained
in three additional hydrodynamic simulations, for the same
white dwarf masses described above and same input physics












FIG. 2: Ratios of the 26Si(p, γ)27P reaction rate determined in the
present work to that recommended by Iliadis et al. [72].
from the evaluation [72]. As confirmed by these simulations,
the dominant destruction channel for 26Si in nova outbursts
occurs via its β+ decay to the isomeric state of 26Al, which
subsequently decays to the ground state of 26Mg. No sig-
nificant change in the element production in the Mg-P mass
region was found when using the 26Si(p, γ)27P reaction rate
from Iliadis et al. [72] or from the present work. Moreover,
no significant changes were also found when variations on
this rate within uncertainties, i.e., tests performed with lower,
mean and upper limits of the rate, were used [24]. Com-
pared to the result by using the recommended Iliadis et al. [72]
rate, the contribution of classical nova outbursts to the Galac-
tic 26Al mass is only marginally increased by about 0.5%.
This validates previous predictions of the nova contribution
to the synthesis of Galactic 26Al [14, 15] and of the expected
26Al/27Al ratios in presolar grains of a putative nova origin on
a much solid experimental ground [76].
In addition, we have investigated the impact of our new
mass excess of 27P on the composition of burst zone using
one-zone PPN post-processing code which is a branch of the
NuGrid framework [77], along with a trajectory from litera-
ture K04 [78]. It is shown that 26Al abundance is increased at
least at the level of 50% in the whole duration of X-ray burst,
even up to a factor of 2.5 at the last stage comparing to that of
Ref. [72]. This is mainly attributed to the 27P(γ, p)26Si rate,
which exponentially depends on the reaction Q value. The
precise new mass of 27P results in a remarkable increase in
27P(γ, p)26Si rate, which will impede the proton capture pro-
cess and left more 26Si decaying to 26Al. Understanding the
ashes of X-ray bursts is also important when modeling the
crust evolution of accreting neutron stars [79]. However, the
role of X-ray burst in the Galactic 26Al problem is still under
debate [80, 81].
In summary, a new β-decay spectroscopy of 27S was car-
ried out to deduce the properties of the key resonance in
26Si(p, γ)27P reaction rate. Simultaneous measurements of β-
5delayed proton and γ decay of 27S were conducted for the
first time. Spectroscopic results including the accurate half-
life of 27S, as well as the excitation energies and the abso-
lute decay branching ratios for the two lowest excited states
of 27P populated in the β decay of 27S, were obtained from
the present measurement straightforwardly. The excitation
energy of 1125(2) keV for the 3/2+ first excited state of 27P
and the proton decay energy of 318(8) keV from the first ex-
cited state in 27P to the ground state of 26Si also lead to an
improvement in the precision of the proton-separation energy
(807(9) keV) and the mass excess (−659(9) keV) of 27P. By in-
tegrating the nuclear physics input including the resonance en-
ergy of 318(8) keV and the Γγ/Γp ratio of 1.35(39) of the key
3/2+ resonance, the thermonuclear 26Si(p, γ)27P rate can be
quantified based mainly on experimental constraints. In com-
parison with the recommended reaction rate in REACLIB, the
present rate was found to be lower by two orders of magnitude
at temperatures around 0.1 GK, and the rate uncertainty was
reduced by a factor of 9. A series of hydrodynamic simula-
tions incorporating the present reaction rate into the nuclear
reaction network were performed. The dominant destruction
mode of 26Si under nova temperatures was confirmed to be β+
decay rather than 26Si(p, γ)27P reaction. Based on the present
precise rate, we conclude that the 26Si(p, γ)27P reaction in-
deed plays only a minor role in the nova contribution to the
Galactic 26Al problem. However, the role of this reaction in
other stellar candidate sites still need to be studied, to address
the Galactic 26Al problem in the future, which is beyond the
scope of this Letter. Further detailed analysis regarding the
comprehensive β decay spectroscopy of 27S is reserved for a
follow-up paper [82].
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